processes that only involve a p-EMT. To assess this, we used the hepatocyte growth factor (HGF)-induced Madin-Darby canine kidney tubulogenesis system, which provides a three-dimensional culture model of a morphogenetic process including a p-EMT. We found that although Slug (Snail2) is highly and transitory up-regulated during the p-EMT phase of tubulogenesis, it is not a repressor of E-cadherin during this process. Using inducible knockdown of Slug, we demonstrate that Slug is not an inducer of cell movement and instead is required for survival during p-EMT. We conclude that in epithelial cells, promoting cell survival can be a primary function of Slug, rather than being acquired concomitantly with EMT.
INTRODUCTION
Epithelial-Mesenchymal transition (EMT) is a process during which nonmotile epithelial cells characterized by a stable apico-basal polarity become migratory mesenchymal cells. Characteristics of this process include complete loss of apico-basal epithelial polarity, loss of epithelial markers such as the adherens junction molecule E-cadherin and acquisition of mesenchymal markers such as changes in the repertoire of cytokeratins. EMT occurs during many developmental processes such as gastrulation, neural crest migration, and heart formation and also is implicated in pathological processes, such as fibrosis and metastasis (Hay, 1995; Birchmeier et al., 1996; Thiery, 2002; Kalluri and Neilson, 2003) . In addition to processes involving complete EMT, many processes occurring during development and in adult organisms involve only a transient loss of epithelial polarity without full acquisition of mesenchymal characteristics. Examples of these processes, which exhibit a spectrum of changes in epithelial plasticity that we have defined as partial EMT (p-EMT), include some types of tubulogenesis (e.g., in mammary gland development) and epithelial wound healing. A variety of epithelial plasticity changes are also associated with pathologies such as chronic inflammation. These findings are consistent with the idea that complete EMT may be the result of a sequential multistep program, and there is a spectrum of p-EMT processes in which cells undergo only some of these steps, often for only a transient period (Grunert et al., 2003; Huber et al., 2005) . Partial EMT has been suggested to occur in some metastatic cancers, where distant metastasis can retain much of the epithelial differentiation of the tissue of origin of the cancer (Debnath and Brugge, 2005) .
Although the molecular mechanisms controlling EMT have only recently begun to emerge, key roles have been identified for the zinc finger transcription factors Snail (Snail1) and Slug (Snail2; Savagner, 2001; Huber et al., 2005) . Slug was discovered in the chick as a key regulator of mesoderm formation and neural crest migration, two developmental processes involving EMT (Nieto et al., 1994) . In the mouse, Snail fulfills some of the functions that Slug has during chick development (Sefton et al., 1998; Nieto, 2002) . In cell culture experimental overexpression of Slug or Snail is sufficient to induce epithelial cells to undergo EMT (Savagner et al., 1997; Batlle et al., 2000; Cano et al., 2000; Bolos et al., 2003) . Importantly, their expression is up-regulated in various epithelial cells (including Madin-Darby canine kidney [MDCK] ) by growth factors that typically induce EMT such as transforming growth factor (TGF) ␤ and fibroblast growth factor (FGF; Savagner et al., 1997; Romano and Runyan, 2000; Peinado et al., 2003) . Slug and Snail can directly repress the transcription of the E-cadherin gene by binding to E-Box sequences within its promoter (Batlle et al., 2000; Cano et al., 2000; Bolos et al., 2003) . Their role as inducers of EMT is partly due to the direct repression of E-cadherin expression that destabilizes cell-cell adhesion, a phenomenon necessary for cell migration. This role is supported by the correlation observed in various invasive carcinomas between Slug or Snail expression and loss of Ecadherin transcription (Blanco et al., 2002; Shih et al., 2005; Uchikado et al., 2005) . Slug and Snail have additional functions associated with their role as triggers of EMT. Concomitantly with the induction of EMT, Snail expression can confer survival properties to the cells (Valdes et al., 2002; Vega et al., 2004; Robson et al., 2006) . Slug has a critical role in re-epithelialization of cutaneous wounds in mice and has been proposed to be required for cell extension movement (Savagner et al., 2005) . However, the process of re-epithelialization involves migration but does not require a full EMT.
Although the role of Slug and Snail as inducers of EMT start to be well understood, their implication in processes that do not require a complete EMT has been far less studied. One experimentally tractable model of how p-EMT is used during epithelial morphogenesis is the formation of tubules by MDCK epithelial cells. When MDCK cells are cultured in a three-dimensional (3D) gel of extracellular matrix (ECM), they form hollow spheres or cysts consisting of a monolayer of fully polarized cells, with their apical surfaces facing a central lumen and their basal surfaces contacting the ECM. Stimulation of these cysts with hepatocyte growth factor (HGF) causes the cysts to elaborate branching tubules, recapitulating some aspects of tubulogenesis in vivo (Montesano et al., 1991; Pollack et al., 1998; O'Brien et al., 2002; O'Brien et al., 2004) . The first phase of MDCK tubulogenesis involves p-EMT. In the initial substep of this p-EMT phase, a subset of the fully polarized cells produce extensions of their basal surface, which radiate outward from the cyst. Although this involves cell movement, the epithelial cells at this point still retain some features of apico-basal polarity. In the second substep of the p-EMT phase, some of these cells migrate entirely away from the cyst wall, completely losing their apical surface and thus apico-basal polarity. These cells form chains of cells that retain some cell-cell junctions and do not acquire full mesenchymal characteristics at any point. In the second phase of tubulogenesis, the cells redifferentiate into fully polarized epithelial cells and form tubules with lumens.
Here we have used the 3D MDCK tubulogenesis system to examine the expression and function of endogenous Slug in a process involving a p-EMT. Although the studies of Slug and Snail obtained either from embryonic systems or from classic 2D culture models have provided important insight into Slug and Snail, this 3D model provides a physiologically more relevant cell environment than classic 2D culture, while permitting the analysis of cellular and molecular mechanisms with much greater spatial and temporal resolution than is typically attainable in vivo.
We report that Slug is highly and transiently up-regulated by HGF during the p-EMT phase of MDCK tubulogenesis. However, HGF-induced Slug expression is not necessary for initiation of cell movement during tubulogenesis. Rather, the first detectable role of Slug is that it is required for the cells to survive during the p-EMT phase of tubulogenesis. Our work reveals that Slug's survival function in epithelial cells can precede EMT rather than being acquired concomitantly to complete EMT and is the primary function of Slug during p-EMT. Our data also show that MDCK tubulogenesis requires a specific factor promoting cell survival, even though cell death was previously not known to play a major role in this epithelial remodeling and morphogenetic process.
MATERIALS AND METHODS

Antibodies and Reagents
Primary antibodies used were chicken anti-Slug (raised as described in Supplemental Experimental Procedures), mouse anti-E-cadherin (BD Biosciences, San Jose, CA), rabbit anti-Cleaved Caspase-3 (Cell Signaling, Beverly, MA), mouse anti-Glyceraldehyde-3-Phosphate Dehydrogenase (Gapdh; Chemicon, Temecula, CA). Secondary antibodies used for immunoblotting were peroxidase-conjugated rabbit anti-chicken and rabbit anti-mouse (Jackson ImmunoResearch, West Grove, PA) and for confocal microscopy: goat anti-chicken Alexa Fluor 488, donkey anti-mouse Alexa Fluor 647 and goat anti-rabbit Alexa Fluor 555 (Molecular Probes, Eugene, OR). Actin filaments were stained with Alexa Fluor 546 or 633 phalloidin (Molecular Probes). Nuclei were stained with Hoechst 33342 (Molecular Probes). HGF was a gift of Ralph Schwall (Genentech, South San Francisco, CA).
Cell Culture
MDCK cells were maintained in minimal essential medium (MEM) Eagle's with Earle's balanced salt solution (Mediatech Cellgro, Herndon, VA) supplemented with 5% fetal bovine serum (FBS; Hyclone, Logan, UT), 100 U/ml penicillin, and 100 mg/ml streptomycin in 5% CO 2 , 95% air. MDCK T23T.1 cells were obtained from T. S. Jou (National Taiwan University, Tapei) and were maintained as described for MDCK with addition of 150 g/ml zeocin.
Growth of cysts in 3D collagen type I gels was performed as described previously (Pollack et al., 1998) with the following modifications. Briefly, cells were trypsinized into a single-cell suspension, centrifuged, and mixed to a type I collagen solution containing 66% Vitrogen 100 (3 mg/ml; Cohesion, Palo Alto, CA). Cells (n ϭ 2000 -4000) mixed with 150 l of collagen solution were plated on the top of a cell-free gelled collagen layer onto anopore membrane filters with a 10-mm diameter and 0.2-m pore size (Nunc). The collagen mixture was allowed to gel at 37°C, and then medium was added. Cells were fed every 2-3 d and grown for 9 -10 d until cysts with lumen were formed. To induce tubulogenesis, MDCK cysts were treated by addition of HGF to the medium at the indicated concentration during the indicated time.
RNA Extraction and Relative and Quantitative RT-PCR Analysis
Cysts embedded in collagen were rinsed with phosphate-buffered saline (PBS) and homogenized in lysis buffer (Qiagen, Chatsworth, CA) using a homogenizer. The homogenate was treated with 200 g/ml Proteinase K (Qiagen) for 30 min at 55°C before RNA extraction. Total RNA were extracted on columns using the RNeasy Mini kit (Qiagen). DNase I treatment was done directly on the column. 0.5-1 g of total RNA were reverse-transcribed as previously described (Leroy et al., 2004) . Relative RT-PCR was done as previously described with the internal standard and the specific gene studied amplified in the same tube (Leroy et al., 2004) . The yield of cDNA was normalized using the expression of the gene coding for Gapdh as an internal standard. Linear amplification ranges were tested and experiments were done with 28 cycles for Slug and 23 cycles for Gapdh. The volume of each cDNA sample was adjusted to give the same PCR signal strength for Gapdh after 22-24 cycles, i.e., in its linear amplification range. The expected fragment (358 base pairs for Slug and 271 base pairs for Gapdh) were visualized on a 2% agarose gel. Quantitative RT-PCR was done using SYBR green PCR master mix (Applied Biosystems, Foster City, CA) and the Mx4000 multiplex quantitative PCR system and software (Stratagene, La Jolla, CA).
Annealing was at 59°C and primers used were as follows: for Slug: Forward primer: 5Ј AGCAGTTGCACTGTGATGCC 3Ј, Reverse primer: 5Ј ACACAG-CAGCCAGATTCCTC 3Ј; for E-cadherin : Forward primer 5Ј GAGAGCGGT-GGTCAAAGAGC 3Ј, Reverse primer: 5Ј GAGGAGTTCAGGGAGCTCAG 3Ј, for Snail: Forward primer: 5Ј TGCCCTCAAGATGCACATCC 3Ј, Reverse primer: 5Ј TGACATCTGAGTGGGTCTGC 3Ј; for p53 : Forward primer 5Ј TGTGGTGGTGCCTTATGAGC 3Ј, Reverse primer: 5Ј ATGGCGAGAGGTA-GATTGCC 3Ј; for Bid : Forward primer 5Ј AGCTACTTCCTGGATGGTGG 3Ј, Reverse primer: 5Ј CATAGGTGAGCAGGTTCTGG 3Ј; for Gapdh : Forward primer 5Ј CAGTTGTGGATCTGACCTGC 3Ј, Reverse primer: 5Ј CCTTGGAG-GCCATGTAGACC 3Ј.
Generation of Stable MDCK Transfectants
The cloning and sequencing of the canine Slug cDNA is described in supplemental experimental procedures. Slug antisense construct was generated by inserting a 5ЈXbaI-3ЈBamHI fragment corresponding to the full-length Slug CDS excised from a pBluescript-Slug construct in the pIND(SP1) ecdysoneinducible vector (Invitrogen, Carlsbad, CA). MDCK T23T.1 cells (Lai et al., 2003) were cotransfected with this construct and a blasticidin-resistant gene using Lipofectamine 2000 according to the manufacturer's instructions (Invitrogen) . Stable transfectants were isolated after 2-3 wk of culture in the selective medium. Different transfectant clones were selected that show a knockdown of Slug transcripts specifically when the inducer ponasterone A (Invitrogen) is added.
Immunoblotting
Cysts were isolated from collagen by treatment with 4000 U/ml collagenase type IV (Worthington, Lakewood, NJ). Isolated cysts were rinsed with PBS, lysed with 1% sodium dodecyl sulfate (SDS) solution, boiled and shaken for 5 min. The protein concentration in the lysates was determined using a BCA protein assay (Pierce). Samples were run on SDS-page gels, electrotransferred to immobilon-P membrane (Millipore, Bedford, MA). Blots were blocked and hybridized in 0.05% tween in PBS (PBST) containing 5% milk, washed with PBST, and revealed with detection reagent (Amersham Biosciences, Piscat-away, NJ). Gapdh was used as an internal marker to normalize protein amounts between samples. Quantification was done using Quantity one software (Bio-Rad, Richmond, CA).
Immunofluorescence Staining
Immunofluorescence staining of cysts cultured in collagen gel was done as previously described (Pollack et al., 1998; O'Brien et al., 2001 ) with some modifications. Briefly, samples were rinsed with PBS before treatment with collagenase type VII (Sigma, St. Louis, MO) at 37°C for 10 min and fixed with 4% paraformaldehyde in PBS for 30 min at 4°C. Samples were rinsed with PBS, permeabilized with 0.2% Triton X-100 in PBS for 10 min, and permeabilized and blocked with 0.7% fish gelatin (Sigma) and 0.025% saponin in PBS for 30 min. Samples were then incubated in primary antibodies at 4°C overnight and extensively washed. Samples were incubated at RT for a minimum of 4 h with the corresponding Alexa Fluor-conjugated secondary antibody at a dilution of 1:300 and Alexa Fluor phalloidin and Hoechst (1:1000 each) then washed extensively. All incubations and washing were done with the blocking solution. Samples were rinsed with PBS before be mounted using ProLong gold (Invitrogen). MDCK monolayer on filter were similarly processed but with shorter times of incubation and lower concentration of antibodies or dyes (Alexa Fluor-conjugated secondary antibody at a dilution of 1:600 and Alexa Fluor phalloidin and Hoechst; 1:3000 each).
Image Analysis
Cysts were analyzed for immunofluorescence using a Zeiss 510 LSM confocal microscope (Thornwood, NY). Samples were viewed using an argon laser (488 line) and helium-neon lasers (543 and 633 lines) and a 2-photon 780 in conjunction with a Zeiss 510 confocal laser scan head attached to a Zeiss Axiovert 200M microscope. Digital images of optical sections were collected with a Zeiss Plan Apo 63ϫ 1.40 NA objective. Images were analyzed using LSM 510 software and resized with Adobe Photoshop 8 software (San Jose, CA).
RESULTS
Slug mRNA Levels Are Transiently Up-regulated in MDCK Cysts by HGF during the p-EMT Phase of Tubulogenesis
In 2D culture, Slug and Snail have been shown to be upregulated at the transcriptional level in different cell types by EMT-inducing growth factors such as FGF and TGF␤. To determine if these genes are up-regulated during the p-EMT phase of HGF-induced MDCK tubulogenesis, we analyzed their mRNA expression during a time course of HGF stimulation of cysts. As described previously 10 ng/ml HGF is the optimal concentration to induce MDCK tubulogenesis (O'Brien et al., 2004) . Under these conditions extensions are first seen after ϳ6 h of HGF treatment; chains appear at the earliest after 9 h, but most of the chains start to form by 12-16 h (Figure 1) . By 24 h of treatment the p-EMT phase has ended, and the redifferentiation phase of tubulogenesis begins. Although a certain degree of asynchrony is observed, the majority of the cysts follow the time frame presented in Figure 1 . Using both relative and quantitative RT-PCR analysis, we found that Slug mRNA levels are highly up-regulated following HGF stimulation of cysts ( Figure 2 , A and B). We also observed an induction of Snail expression, which is much more modest than Slug as shown by quantitative RT-PCR analysis (Supplementary Figure S1 ) and confirmed this by Northern blot analysis (not shown). We therefore concentrated on Slug. Slug mRNA levels increase as much as five times within 6 h of HGF treatment as measured by quantitative RT-PCR, and this increase is maintained at 12 h. Notably, this up-regulation of mRNA is transient, with a significant decrease observed after 24 h of HGF exposure ( Figure 2B ).
We also observed that HGF-induced Slug up-regulation is dose dependent, with higher concentrations of HGF, such as 50 ng/ml, up-regulating Slug mRNA as high as 25 times that of nontreated cysts (Figure 2, C and D) . However, increasing the concentration of HGF to 50 ng/ml delays Slug downregulation after its induction with high levels of mRNA maintained at 24 h and instead decreased only at 48 h. HGF, 50 ng/ml, increases the overall number of extensions and chains per cysts but impairs the redifferentiation process (data not shown). Interestingly, Slug up-regulation starts as early as 90 min after treatment ( Figure 2E ), i.e., several hours before the cells in the cyst walls start to form extensions.
Together these results show that Slug is highly and transiently up-regulated after HGF stimulation of MDCK cysts specifically during the time when cells undergo the p-EMT phase of tubulogenesis. This up-regulation occurs as an early response to HGF treatment and is HGF dose-dependent. However, we cannot conclude from our results that Slug mRNA levels are increasing by regulation at the transcriptional level, or alternatively by stabilization of the mRNA. HGF is involved in cancer and metastasis and is usually described as an inducer of EMT (Birchmeier et al., 2003) and blocking Slug expression has been previously shown to interfere with the HGF pathway in NBTII bladder cells (Savagner et al., 1997) . However, regulation of Slug by HGF has not been reported previously, as far as we know.
Slug Protein Levels Are Specifically Up-regulated in the Nuclei of the Cells Forming Chains
To determine the expression of Slug protein in the treated cysts, we raised an anti-canine Slug antibody that recognizes Slug protein with high specificity both on Western blot and by immunofluorescence in 3D structures (described in Material and Methods and Supplementary Figure S2) .
Slug protein levels were analyzed on total lysates extracted from MDCK cysts after different times of HGF treatment. After 6 h of treatment with 10 ng/ml HGF no significant increase in Slug protein is detectable (data not shown), and after 9 h a modest increase can be observed but not in all experiments performed. Slug protein levels are significantly increased after 16 h of treatment and return to baseline levels after 24 h ( Figure 3A ). With 50 ng/ml HGF, the increase in protein levels is higher, reaching as much as four times over Slug protein levels baseline, and still sustained at 24 h in accordance with the mRNA levels observed for the same high concentration of HGF ( Figure 3B ). The overall fold increase of the mRNA levels is clearly higher than for the protein levels with as much as 10ϫ difference when 50 ng/ml HGF is used ( Figure 2D ). Furthermore, comparison of the kinetics of mRNA and protein induction reveals that the up-regulation of the mRNA precedes by several hours the appearance of the first extensions, whereas the detectable up-regulation of protein levels is only observed when formation of the first chains occurs (Figures 2, B and D, and 3, A and B).
It was then important to determine the cellular localization of Slug protein at different time points after HGF treatment. For this, we performed immunofluorescence staining of whole mount MDCK cysts treated with HGF and fixed after different times of HGF treatment. Analysis by confocal microscopy shows that Slug protein is clearly detected in the nuclei of the cells that formed chains, i.e., when their nuclei start to migrate away from the wall of the cyst ( Figure 3C) . A large majority (77.6 Ϯ 13.0%) of the nuclei in chains are clearly positive for Slug. A higher magnification of a cyst with a cell forming a nascent chain shows that its nuclei is strongly labeled for Slug, whereas some traces of Slug are detected in the cytoplasm ( Figure 3D ). In contrast, the nuclei of the cells remaining in the wall of the cyst are all negative for Slug; this includes cells that have started to form extensions. No notable difference was observed in Slug staining for cells in the wall of cysts whether treated or not with HGF ( Figure 3, D and E) . In addition, we observed that the further the nuclei have migrated from the wall of the cysts the more intense the staining of Slug in the nuclei became (Supplementary Figure S3 ).
Together these results show that both Slug mRNA and protein are up-regulated during the HGF-induced p-EMT phase of MDCK tubulogenesis. mRNA up-regulation is a very early event after HGF treatment. However, the nuclei of the cells in the cyst wall are all negative for Slug protein, whereas its expression is only detected in the nuclei of the cells that have started to form chains. Taken together our results suggests that Slug is not necessary for the induction of cell extensions, which is the initial substep of the p-EMT phase, but may have another specific function during this phase of tubulogenesis.
Slug Does Not Repress E-Cadherin Expression during the p-EMT Phase of Tubulogenesis
The well-established ability of the Snail family of transcription factors to directly repress the E-cadherin gene P. Leroy and K. E. Mostov prompted us to determine if the up-regulation of Slug protein was accompanied by a concomitant repression of Ecadherin expression in our system. We first analyzed Ecadherin expression at the mRNA level using quantitative RT-PCR, and we surprisingly observed no decrease of Ecadherin mRNA for all times tested after treatment with 10 ng/ml HGF ( Figure 4A ). Indeed, on the contrary a small but statistically significant up-regulation of E-cadherin mRNA levels was observed after 12 h of HGF treatment even though Slug protein levels were increasing at this time (Figure 3A) . E-cadherin up-regulation was transient and expression returned to initial levels at 24 h, i.e., when Slug protein levels also decreased. Furthermore with 50 ng/ml HGF, which induces higher expression of Slug protein, similar kinetics of up-regulation of E-cadherin mRNA were observed although with overall greater fold increases ( Figure  4B ). Western blot analysis of total lysates extracted from cysts treated under similar conditions shows that E-cadherin protein was not altered ( Figure 4C ).
Because our quantitative RT-PCR and Western blot analysis was performed on bulk MDCK cyst cultures we wished to examine E-cadherin protein levels in individual cells. Confocal analysis on HGF-induced MDCK cysts expressing Slug and stained by immunofluorescence for both E-cadherin and Slug protein confirm that E-cadherin is still present in cells expressing high levels of Slug ( Figure 4D and Supplementary Figure S4) . We previously showed using this 3D model that during the p-EMT phase, E-cadherin is redistributed and no longer mostly restricted to the adherens junctions (Pollack et al., 1998) . Our results show that this redistribution is not accompanied by a reduction in the levels of E-cadherin protein even in the cells with high concentrations of nuclear Slug.
These results suggest that Slug does not act as a repressor of E-cadherin expression during the p-EMT phase of MDCK tubulogenesis. Moreover, the similar kinetics of E-cadherin expression regardless of HGF concentration contrasts with the significant HGF-dose dependent expression of Slug and this further suggests that E-cadherin and Slug do not depend on each other at any detectable level of regulation.
Slug Is Necessary for the Survival of the Cells Forming Chains during the p-EMT of Tubulogenesis.
Our results show that during HGF-induced tubulogenesis Slug is specifically up-regulated in the nuclei of cells in chains, but does not repress E-cadherin in these cells. Furthermore, the fact that Slug is not detected in cells that have initiated p-EMT by forming extensions suggests that Slug does not act as an inducer of p-EMT. To further investigate the role of Slug in MDCK tubulogenesis, we sought to examine the consequences of loss of Slug expression during tubulogenesis. For this we needed to block Slug expression only after cysts were formed. As currently available inducible shRNA technology works poorly for MDCK cysts after 10 -12 d culture period, we pursued an antisense strategy analogous to that successfully used for other transcription factors, including Slug (Savagner et al., 1997; Verrecchia et al., 2001; Boudreau and Varner, 2004; Kuphal et al., 2005) . Inducible expression of the antisense construct was conferred by a promoter whose expression is induced by ponasterone, an analog of ecdysone (Lai et al., 2003) .
First, we validated the efficiency and specificity of our approach to inducibly knock down Slug. MDCK cells stably transfected with Slug antisense were seeded in collagen and grown to form cysts without addition of the inducer. The cysts were then treated with HGF and simultaneously with ponasterone to induce expression of the Slug antisense. By quantitative RT-PCR analysis, we found that addition of ponasterone to the cysts treated with HGF inhibited the up-regulation of Slug mRNA by ϳ50% after 6 h of treatment with HGF when compared with the level of up-regulation normally observed ( Figure 5A ). This inhibition was not observed when ponasterone was added to control cells showing that the inhibition is not due to a toxic effect of ponasterone ( Figure 5A ). We then confirmed that the inhibition of the up-regulation of Slug mRNA was reflected at the protein level. Figure 5B shows that Slug protein is not anymore up-regulated when ponasterone is added in combination with HGF, demonstrating that Slug protein is successfully knocked down.
To verify that Slug was specifically knocked down by induction of Slug antisense, we examined the expression of other genes. Of particular importance was the assessment of Snail expression, which we found is also up-regulated by HGF in our model with kinetics similar to that of Slug, although to much lower levels, as shown using quantitative RT-PCR (Supplementary Figure S1 and Figure 5C ). HGFinduced up-regulation of Snail is not affected by addition of ponasterone and induction of Slug antisense ( Figure 5C ). The expression of E-cadherin is also not affected by addition of ponasterone (Supplementary Figure S5) . These results confirm that ponasterone does not have a toxic effect and that with our approach, we do not induce a broad effect on transcription, but we are able to knockdown Slug protein in an inducible and specific manner.
We next analyzed the phenotypic effect of Slug knockdown. Slug knockdown cysts treated with HGF in presence of ponasterone were fixed and stained for actin and nuclei at different time points of the p-EMT phase for analysis by confocal microscopy. Appearance of normal cellular extensions from cysts was observed after HGF treatment despite Slug being knocked down, confirming that Slug is not required for the initial cell movement associated with p-EMT ( Figure 6A ). However, observation of later time points revealed that as a consequence of Slug knockdown, a large majority of cysts were subsequently devoid of chains, and this defect was not observed in the absence of ponasterone. Control cysts were not affected by the presence of ponasterone, confirming that the effect is due to Slug knockdown and not to a toxic effect of ponasterone ( Figure 6 , B and C). Quantification of the effect confirmed a marked reduction of cysts displaying chain formation; 17.5 Ϯ 5.4% of the cysts had chains when Slug was knocked down compared with 73.5 Ϯ 14.7% when ponasterone was not added, whereas control cysts have a similar percentage of cysts displaying chain formation in the presence or absence of ponasterone ( Figure 6D ).
Cysts that did not have chains because of Slug knockdown displayed small disintegrated nuclei around their external surface, which were reminiscent of nuclei of apoptotic cells ( Figure 6B ). We thus stained these cysts using an antibody against the cleaved form of caspase 3, a marker of apoptosis. Figure 6E shows that these cysts had at their surface strong labeling for cleaved caspase 3 intermixed with some extensions. This suggests that cells die by apoptosis instead of forming chains upon Slug knockdown. For Slug knockdown cysts only an average of 2.9 Ϯ 2.0% were not presenting any staining for cleaved caspase 3 while 52.3 Ϯ 15.1% were strongly positive for this marker. The remaining cysts were presenting some staining and various degrees of abnormal chain formation. In contrast, when ponasterone was not added and then Slug expression was not blocked, only 10.9 Ϯ 5.8% cysts presented cleaved caspase 3 staining associated with abnormal chain formation and the majority of the cysts had normal chains and no cleaved caspase 3 staining ( Figure 6F ).
P53 mRNA Expression Is Down-regulated during HGF-induced p-EMT Phase
In epithelial cells, Slug expression promotes resistance to programmed cell death elicited by DNA damage by directly repressing the transcription of factors known to be involved in programmed cell death, in particular the proapoptotic factors p53 and Bid (Kajita et al., 2004) . We then tested if in our model these factors were part of the downstream pathway of Slug and were repressed by Slug. Figure 7A shows that p53 mRNA levels were down-regulated after 16 h of HGF stimulation of cysts. In contrast, p53 mRNA levels were not changed when cysts were knockdown for Slug. However, Bid mRNA levels were not changed both in normal and Slug knockdown cysts ( Figure 7B ). Our results with p53 suggest that p53 is a direct target gene of Slug in our 3D system and that during the p-EMT of MDCK tubulogenesis, Slug acts as an anti-apoptotic factor by at least repressing p53 expression. In contrast to the work reported by Kajita et al. (2004) , Bid mRNA levels were not observed to change in our system indicating that Bid is not a target gene of Slug in our system. This difference could reflect the fact that different downstream pathways are used, depending on the events that trigger programmed cell death.
Our results confirm that Slug is not involved in the initial formation of the extensions, which mark the induction of the p-EMT phase during tubulogenesis. Rather, these findings demonstrate that Slug knockdown causes the cells to die during the process of chain formation, probably by apoptosis, as shown by cleaved caspase 3 staining and p53 expression. This implies that Slug is required for the survival of cells during chain formation and reveals an important role for Slug as a modulator of cell survival during epithelial morphogenesis.
DISCUSSION
HGF-induced MDCK tubulogenesis provides a model of an epithelial morphogenetic process involving cell migration without full EMT, which we refer as p-EMT. This model allowed us to monitor Slug expression and function while following the sequence of events of the p-EMT process. We show that although Slug is among the early HGF-induced genes, Slug protein is not expressed until several hours after the cells start to form extensions, a cell movement process which initiates the p-EMT phase of tubulogenesis. We also present evidence that in this system Slug does not act as a repressor of E-cadherin. By knocking down Slug, we demonstrate that Slug is not required for the initial cell extension movement associated with p-EMT and instead show that Slug is required for cell survival during p-EMT. Taken together our results show that Slug is required for cell survival rather than being an inducer of the cell movement associated with migration during epithelial morphogenesis. Furthermore, our results also reveal that the Slug survival function, rather than being only acquired concomitantly with full EMT, can be the primary function of Slug during a process involving p-EMT.
A large body of evidence points to Slug as a key regulator of EMT, both from its ability to induce EMT and from its ability to repress the adhesion molecule E-cadherin and desmosomal components in various epithelial cells (Savagner et al., 1997; Bolos et al., 2003) . These results are reinforced by a correlation in various epithelial cancer cells between Slug expression and loss of E-cadherin expression, a hallmark of invasive cells (Shih et al., 2005; Uchikado et al., 2005) . In our MDCK 3D system, E-cadherin is not lost but rather is redistributed during the p-EMT phase of MDCK tubulogenesis (Pollack et al., 1998) . Our results show that this redistribution, which allows cells to migrate while remaining attached to their neighbors, is not accompanied by a decrease in E-cadherin levels despite high levels of Slug in the nuclei. In the same area, disintegrated nuclei are also seen (arrowheads). Quantification from five independent experiments and an average of 50 cysts for each experiment show that only an average of 2.9 Ϯ 2.0% of Slug knockdown cysts are not presenting any staining for cleaved caspase 3, whereas 52.3 Ϯ 15.1% are strongly positive for this marker. The remaining cysts are presenting some staining and various degree of abnormal chain formation. (F) For the majority of the cysts in the absence of ponasterone, chains are observed and cleaved caspase3 staining is not detected.
Survival Role of Slug during p-EMT in 3D Culture
Slug has been recently reported to be involved in cell migration during re-epithelialization of adult keratinocytes, a process that also does not require full EMT. During this process, E-cadherin is not found repressed in cells expressing Slug but a functional relationship was observed between Slug expression and desmosome density. Although Slug is thought to repress the expression of some desmosomal components, there is no evidence that Slug is a direct repressor of desmosomal genes (Savagner et al., 1997 (Savagner et al., , 2005 . Dissociation of desmosomes is an initial and necessary step for these cells to start migrating. During extension formation in MDCK tubulogenesis, desmosomal components are also redistributed by internalization (Pollack et al., 1998) . However, Slug expression is induced several hours after the first cellular extensions are formed and extensions still form when Slug is knocked down, precluding a role for Slug in the dissolution of desmosomes during MDCK tubulogenesis.
We show that during MDCK tubulogenesis Slug is not involved in the induction of p-EMT. We also found an HGF-induced up-regulation of Snail mRNA levels with kinetics similar to that of Slug although Snail expression increases at much lower levels than Slug ( Figure 5C and Supplementary Figure S1 ). However, Snail has been reported to be a more potent inducer of EMT and repressor of E-cadherin than Slug (Batlle et al., 2000; Cano et al., 2000) . In addition the analogous role of Slug in chick neural crest migration is instead fulfilled in mammals by Snail (Sefton et al., 1998) . Because of the absence of available Snail antibodies that work in our system, we cannot rule out that Snail protein is expressed earlier than Slug protein and Snail may be the inducer of p-EMT. However, as E-cadherin expression is not repressed in our system, if Snail has a role in induction of p-EMT, it is also not as a repressor of E-cadherin.
Our work demonstrates a survival role for Slug during the p-EMT phase of MDCK tubulogenesis and suggests that Slug rescues the cells from apoptosis by repressing proapoptotic factors that otherwise would lead the cells to die during p-EMT. In our model, p53 is downstream of Slug, and this is in agreement with the work reported by Kajita et al. showing that in epithelial cells p53 is directly repressed by Slug rather than Slug being a downstream target of p53 as it has been demonstrated in mouse hematopoietic progenitor cells (Inoue et al., 2002; Wu et al., 2005) . In addition, in our cells, we did not detect any expression of the proapoptotic factor Puma (data not shown), which is directly repressed by Slug in hematopoietic progenitor cells. Our results reinforce the differences already underlined by Kajita et al. between apoptotic pathways involved in epithelial cells and hematopoietic cells. We also cannot exclude that the factors involved in the apoptotic pathways are different also depending on what triggers apoptosis.
In epithelial cells, both Slug and Snail have a role as inducers of EMT but they have also been reported to confer survival properties to cells executing full EMT and suggested to be inducers of cell movement in some processes (Valdes et al., 2002; Vega et al., 2004; Savagner et al., 2005; Robson et al., 2006) . Taken collectively, the data concerning the transcription factors of the Snail family in the animal kingdom lead to the interesting hypothesis that these factors could act primarily as survival factors and inducers of cell movement rather than as inducers of EMT (Barrallo-Gimeno and Nieto, 2005) . Recently, Slug/Snail have been proposed to be involved in survival of premigratory neural crest during development (Cheung et al., 2005) . Our work shows that Slug's primary function during MDCK tubulogenesis is cell survival, and we are able to dissociate this function from the initiation of cell movement. Slug knockout have been recently reported to block cell migration during re-epithelialization of keratinocytes (Savagner et al., 2005) , and it will be of interest to test if in that system Slug is also primarily involved in survival rather than in cell movement per se.
The link between cell survival and cell migration is particularly interesting in the context of the ECM as a large body of evidence emphasizes the importance of the ECM during morphogenesis (Boudreau and Bissell, 1998; Bissell et al., 2002) . 3D culture models that integrate the complexity of multicellular architecture of cells embedded in ECM have proved important in unraveling the mechanisms involving modifications of cell-cell and cell-ECM interactions during morphogenesis (O'Brien et al., 2002; Debnath and Brugge, 2005; Nelson and Bissell, 2005) . In our 3D model, Slug protein is only expressed in cells forming chains, which correlates with the replacement of cell-cell contacts by cell-ECM interactions. In 2D cell culture, disruption of adherens junctions with an anti-E-cadherin antibody can lead to the induction of Slug expression showing that Slug expression can be a consequence of the disruption of cell-cell interactions (Conacci-Sorrell et al., 2003) . Our 3D model reveals the importance of the control of cell survival during a process that involves migration. In contrast, Slug knock down does not result in apoptosis when tested in a scratch-wound healing assay (data not shown). This reinforces the idea that the Slug survival function may be required only in the context of migration within the 3D ECM environment; the MDCK tubulogenesis model provides a system to further investigate the relationship between Slug functions in survival and movement. Our work also reveals that cell survival is the primary function of Slug in an EMT-related process. Slug or Snail confer survival properties that seems to be acquired by the cells concomitantly with full EMT (Valdes et al., 2002; Vega et al., 2004; Robson et al., 2006) . Our work suggests that Slug's survival function temporally precedes its role in inducing full EMT. The great majority of the work done on Slug and Snail in cell culture has used cancer cells or cells experimentally overexpressing Slug or Snail. Although these studies continue to provide new insights, such overexpression conditions could mask the primary function of these genes. It has been suggested recently that EMT is a sequential multistep program and that the loss of E-cadherin transcription, a hallmark of invasive cancer cells, is among the late steps of the process (Grunert et al., 2003; Huber et al., 2005) . The fact that we find that both Slug and Snail are part of the HGF-induced genes during MDCK tubulogenesis supports this idea. The 3D MDCK tubulogenesis model allows us to follow the early steps of loss of epithelial polarity as cells are fully polarized in the cysts wall before HGF treatment, and this model provides access to the early steps of the EMT program. However, in this model EMT is controlled and cells never reach a full EMT. Given the multistep nature of EMT, we suggest that Slug (and Snail) may have different functions in different steps of EMT. In particular, in the steps reached by the cells during p-EMT in MDCK tubulogenesis, Slug appears to have primarily a survival function. In other steps of EMT or in full EMT, Slug may have other functions, such as an inducer of cell movement or a repressor of E-cadherin. This view provides an interesting framework to fully understand the function of these transcription factors and also implies that the Slug and Snail target genes may be different depending on the stage of EMT and other contextual factors. For instance in contexts where Slug or Snail are overexpressed and/or ectopically expressed in culture, they can be repressors of E-cadherin, desmosomal components, or other cell-cell junction molecules and thus inducers of full EMT (Savagner et al., 1997 (Savagner et al., , 2005 Batlle et al., 2000; Bolos et al., 2003; Cano et al., 2000; Ikenouchi et al., 2003 Ikenouchi et al., , 2005 . Understanding what leads Slug or Snail to change from survival factors to inducers of cell movement or repressors of E-cadherin and other cell-cell adherent molecules could be of major importance in understanding their role in pathologies such as cancer invasion and fibrosis.
